Dynamic restructuring of chromatin architecture has been implicated in cell-type specific 36 gene regulatory programs; yet, how chromatin remodels during lineage specification 37 remains to be elucidated. Through interrogating chromatin reorganization during human 38 cardiomyocyte differentiation, we uncover dynamic chromatin interactions between 39 genes and distal regulatory elements harboring noncoding variants associated with 40 adult and congenital heart diseases. Unexpectedly, we also discover a new class of 41 human pluripotent stem cell (PSC)-specific topologically associating domains (TAD) that 42 are created by the actively transcribed endogenous retrotransposon HERV-H. Deletion 43 or silencing of specific HERV-H elements eliminates corresponding TAD boundaries, 44 while de novo insertion of HERV-H can introduce new chromatin domain boundaries in 45 human PSCs. Furthermore, comparative analysis of chromatin architecture in other 46 species that lack HERV-H sequences supports a role for actively transcribed HERV-H in 47 demarcating human PSC-specific TADs. The biological role of HERV-H is further 48 underscored by the observation that deletion of a specific HERV-H reduces transcription 49 of genes upstream and facilitates cell differentiation. Overall, our results highlight a 50 previously unrecognized role for retrotransposons in restructuring genome architecture 51 in the human genome and delineate dynamic gene regulatory networks during 52 cardiomyocyte development that inform how non-coding genetic variants contribute to 53 human heart diseases. 54 55 3 MAIN TEXT 56
enriched at day 80. These findings suggest a process involving pioneering factor 335 activity of GATA family members such as GATA4 for the initial rewiring of chromatin 336 loops to activate relevant early cardiac developmental gene programs, whereas MEF 337 family members such as MEF2C may play a role in the maturation of cardiomyocytes. 338 Finally, loops formed at later stages tended to span longer genomic distances, to have a 339 higher percentage of convergent CTCF-CTCF motifs, and were more likely to occur at 340 TAD boundaries (Extended Data Fig. 10e, f, g) . These observations further support 341 the global trend of increased long-distance interactions during cardiomyocyte 342 differentiation (Extended Data Fig. 4a ). 343 
344
Integrative analysis of the chromatin architecture and ChIP-seq data revealed two major 345 types of loops: 1) loops enriched for the polycomb mark H3K27me3 (Extended Data 346 Fig 10d, 11a) ; and 2) loops enriched for H3K27ac (Extended Data Fig 10d, 11b) . 347 H3K27me3-associated, polycomb dependent loop interactions, which have been 348 described in Drosophila and mouse ESC 23,55,56 , were prominent in hESCs, spanned 349 very long genomic distances and were abruptly lost at the mesoderm stage (Extended 350 Data Fig 10d, 11a) . Notably, such loops frequently involved promoters of transcription 351 factors, which were not expressed at the hESC stage (Fold enrichment=9.7, adjusted p-352 value=1e-70, hypergeometric test), including the early cardiac transcription factor 353 HAND2. Further analyses of the HAND2 locus revealed a multistep assembly of loops 354 formed between the HAND2 promoter and several distal elements (Fig. 1b) . In hESCs 355 and mesodermal cells, which do not express HAND2, the HAND2 promoter formed an 356 H3K27me3 associated loop with the promoter region of the lncRNA LINC02268. 357 However, by day 5, this loop was eliminated and two new loop interactions were 358 established between the HAND2 promoter and two distal regions marked by H3K27ac 359 and H3K4me1. This chromatin remodeling coincided with the onset of HAND2 360 expression in cardiac mesodermal cells (D5) and a subsequent 4-fold increase in 361 HAND2 expression in primitive cardiomyocytes (D15) and ventricular cardiomyocytes 362 (D80); however, lncRNA LINC02268 remained transcriptionally repressed (Fig. 1b, c) . 363 Based on this multi-loop chromatin remodeling at the HAND2 locus, we further 364 examined whether multi-loop formation was a general feature to tightly control 365 expression levels of transcription factors whose function may impact cell fate more than 366 that of other genes. To this end, we calculated the degree of interaction for each loop 367 anchor (Fig. 5f) , and observed that 45% of the loop anchors interacted with at least two 368 other anchors ( Fig. 5g) , suggesting that chromatin loops frequently form network hubs. 369 In addition to HAND2, many other well-known cardiac TFs, including TBX5, GATA4, 370 TBX20, MEIS1/2, also interacted with four or more cis-elements and formed similar 371 network hubs (Extended Data Fig 11c, d, e , and Extended Data Table. 5). Supporting 372 these findings, the network hubs with more chromatin interactions were more likely to 373 include transcription start sites (TSSs) of TFs (Fig. 5h) , and less likely to involve TSSs 374 of house-keeping genes (Fig. 5i) . Finally, those network hubs with more interactions 375 frequently contained more CTCF peaks (Extended Data. Fig. 11f ), suggesting that 376 these interactions were likely facilitated by CTCF. 377 378 Chromatin loops predict cognate target genes for cardiac GWAS SNPs 379 We next used the chromatin interaction maps to link non-coding genetic variants from 380 genome-wide association studies (GWAS) to potential target genes, and found a strong 381 enrichment of single nucleotide polymorphisms (SNPs) associated with cardiac traits in 382 the chromatin loop anchors (Fig. 6a) . The list of predicted candidate genes for these 383 SNPs predominantly included genes involved in cardiac function (Extended Data Table   384 6) and cardiac ion channel genes ( Fig. 6b) . One notable cardiac GWAS example was 385 rs6781009, which was found in strong linkage disequilibrium (LD) with lead SNPs of 386 four cardiac electrophysiologic GWAS traits (QRS complex, QRS duration, QT interval 387 and electrocardiographic traits). Using our chromatin interaction maps, we found that 388 this SNP was located in a stage-specific D80 enhancer that interacted with the promoter 389 of the cardiac sodium channel gene SCN5A (Extended Data Fig. 12a ), supporting 390 similar findings recently observed by circular chromosome conformation capture (4C) 391 studies in human cardiac tissue and functional studies in mouse hearts 57 . Another 392 cardiac GWAS example was rs17608766, the lead SNP for six cardiac traits including 393 aortic root size, blood pressure, pulse pressure, QRS complex, QRS duration and 394 systolic blood pressure. Our chromatin interaction maps revealed that this SNP 395 overlapped a D2 mesoderm specific enhancer that interacted ~110 kb away with the 396 promoter of WNT3 (Fig. 6c) , which is known to be involved in cardiac mesoderm 397 induction 58,59 and thus may explain the broad cardiac traits potentially affected by this 398 SNP. Because this SNP is within a highly conserved genomic region ( Fig. 6d ) and 399 predicted to alter a binding motif for the KLF4 transcription factor (Extended Data Fig.   400 12b), which has been shown to regulate cardiac function in mice 60 , we deleted the 401 putative enhancer containing this SNP in hESCs using CRISPR-mediated genome 402 editing. This deletion consequently resulted in a ~20-50% reduction in WNT3 403 expression in mesodermal cells at day 2 ( Fig. 6e) , but had no effect on expression of 404 the nearest gene GOSR2 (Extended Data Fig. 12c ), which has previously been 405 annotated to rs17608766. Finally, in addition to investigating SNPs associated with 406 cardiac functional traits, we also examined long-range acting SNPs for cardiac 407 developmental traits (i.e. congenital heart disease). Interrogating rs870142, a SNP 408 associated with atrial septal defect 61 , revealed that it was located in an active D2 409 mesodermal enhancer within the intron of STX18-AS1, which formed dynamic long-410 range interactions (~200 kb) with the promoter of MSX1 (Fig. 6f, g) , a developmental 411 TF reported to interact with TBX5 during atrial septal development 62,63 . Deletion of this 412 enhancer containing rs870142 using CRISPR/Cas9-mediated genome editing resulted 413 in a 50% reduction in MSX1 expression ( Fig. 6h) , whereas the expression of the 414 nearest gene STX18 remained unchanged (Extended Data Fig. 12d ). Thus, these 415 findings support that our chromatin interaction maps can be used to discover candidate 416 genes affected by genetic disease or trait variants located in distal regulatory elements 417 controlling gene expression. Evolution of multi-cellular organisms is driven, in large part, by the invention of new 422 gene regulatory circuits responsible for the fitness traits of each species. A long-423 standing theory holds that retroviruses may play an important role in the evolution of 424 gene regulatory logic 64, 65 . Over the years, many classes of endogenous retroviral 425 elements have been found to recruit transcription factors to regulate nearby genes in a 426 cell-type specific manner, or initiate transcription of non-coding RNAs with important 427 regulatory functions 46,66 . Importantly, the expansion of SINE elements in rodents, dogs 428 and opossums have been attributed to the rewiring of gene regulatory networks in these 429 mammals, by expanding the repertoires in each species of CTCF 22 , a DNA binding 430 protein with a critical role in chromatin organization. Surprisingly, no evidence has been 431 found so far for repeat-driven expansion of CTCF binding in the primate genomes 22 , 432 raising the question whether retrotransposon-driven chromatin re-organization indeed is 433 a general strategy of evolution that applies also to the primate lineage. Moreover, 434 retrotransposon elements have been implicated in shaping chromatin boundaries 67 , 435 however, this notion also remains to be experimentally investigated.
437
Here, we provide multiple lines of evidence to support that the primate-specific retroviral 438 elements HERV-H can delineate TAD boundaries in the human PSCs. Previous studies 439 suggest that HERV-Hs integrated into the human genome during primate evolution to 440 regulate human-specific pluripotency through creating novel chimeric transcripts 441 (ESRG 37 , linc-ROR 41,68 and LINC00458 49 ) and providing potential binding sites to recruit 442 pluripotency factors (NANOG, SOX2 and POU5F1) 38 . Our findings reveal that HERV-H 443 sequences might affect gene regulatory program through yet a third mechanism, by 444 shaping the chromatin architecture. Given these HERV-H-mediated chromatin 445 remodeling findings, future investigations of other ERV families of repeats and/or other 446 families of repetitive elements are warranted to illuminate whether other distinct classes 447 of genomic repeats may also exhibit the capacity to shape chromatin architecture in a 448 broad range of cell types including PSCs.
450
Through correlation analysis and CRISPRi intervention, we reveal that HERV-H's ability 451 to form TAD boundaries is dependent on its transcriptional activity. In addition, we show 452 that Polymerase II and cohesin complex accumulates at the 3' terminal of highly 453 transcribing HERV-Hs. Cohesin complex is involved in forming long-range chromatin 454 loops at CTCF binding sites, through an ATP-dependent loop-extrusion mechanism 16,17 .
455
In mammalian cells, most TAD borders are occupied by CTCF and cohesin complex. In addition to the HERV-H discovery, we have interrogated the dynamic chromatin 465 structure re-organization during cardiomyocyte differentiation, cataloged chromatin 466 loops and annotated potential target genes for GWAS variants from cardiac studies.
467
More importantly, we functionally validated our predicted enhancer/SNP to promoter 468 maps by CRISPR mediated deletion, and further showed that WNT3 and MSX1 are 469 likely linked to congenital heart diseases and other cardiac phenotypes. This highlights 470 the utility of the presented chromatin interaction maps to associate non-coding 471 regulatory elements to target genes. Overall, these detailed chromatin accessibility and 472 interaction maps will be a valuable genomic resource for not only providing novel 473 insights into cardiomyocyte development but also identifying important genetic variants 474 associated with cardiac traits including congenital heart disease.
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